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Abstract

Characterization of magnetic particles and labeled cells is in high demand in both
medical research and clinical applications. A Hypefflux/elocimeteris utilized to directly
measure the magnetophoretic mobility, size and other morphology paramete@gétio
particles and labeled cells. The magnetophoretic mobility analysis provides a better
understanding and quality control of particles samples, serves as a key parameter in describing
cell motion in a defined magnetic field and quantitatively deteesiithe number of particles
ingested per cell.

The Chinese hamster ovary (CHQ) cells wereexposed in monolayer culture to
approximated 50 and 100 nm iron oxide nanoparticles coated with starch, surface amine groups
and polyethylene glycol (PEG) tously the chemistry of phagocytosis. Kinetic and dynamic
studies were performed with varying incubation times and particle concentrations. At the
conclusion of each exposure, cells were harvested into gieljlesuspensions, and patrticle
uptake was quarted by magnetic cytometry. By quantitatively determining the
magnetophoretic mobility which is proportional to particle uptake per cell as measured by flow
cytometry and by chemical analysis, the dependencies of phagocytosis on cell type, incubation
time, particle composition, particle size and particle toxicity were determined. Particle uptake of
surface aminated particles by CHO cells is larger than either staatbd particles or uncoated
particles. Amination of starch particles increased theipesteta potential and cellular uptake.

In contrast, PEGylation of aminated starch particles decreased the positive zeta potential and

drastically reduced cellular uptake.



Magnetic cytometry can accurately measpiroperties of magnetic particles arabéled
cells. Velocimetry analysis reveals that SPION surface charges and composition profoundly
affect their uptake by cells in vitro. The labeled cell system can be optimized for special

applications by controlling labeling conditions.
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Chapter 1- Introduction

Magnetic particles have been applied to a wide range of biological and biomedical
applications, including MR, labeled cell separation, drug deliveedical diagnosis and
therapy. Each application requires higlality magnetic particles with specific properties. In
addition to the preparation method, particle property measurement and separation techniques are
key in the production of magnetic pahés.

Characterization of magnetic particles is required for analysis and separation of labeled
cells and magnetic particles. Most reported methods provide only limitedabelkge
information of the magnetic particle sample which is insufficient fofityuavaluation and
control of the magnetic particle product and separation design.

A Hyperflux™ Velocimeterdirectly measures the magnetophoretic mobility distribution,
size and other morphology parameters of magnetic particles and labeled cellsrtiCheely-
particle analysis describes the properties of the sample in greater detail than is possible with
other techniques. The instrument provides quantitative video analysis of cells and/or particles
and their motion. The trajectories of magnetidipkas in a uniform isodynamic magnetic field
are recorded using a higtefinition camera/microscope system for image collection. Image
analysis software then converts the image data to the parameters of interest.

The primary objective of this researishio design, simulate and test an accurate; cost
effective, useffriendly velocimeter. The distribution of magnetophoretic mobility is determined
by combining fast image analysis with velocimetry measurements. In addition, the particle size

distributionis characterized to provide a better understanding of the sample quality.



This work focuses on the study of the particle/cell system and reveals the effect of
particle surface chemistry on cell uptake. Flow cytometry has been utilized to monitdt the ce
uptake and cell health but candét detect | abel
velocimeter characterizes labeled cells without fluorescent emission. Also, the magnetophoretic
mobility is proportional to cell uptake rate and can seduto investigate the cell uptake kinetics.
This work provides a more convenient and accurate method to describe magnetic labeled cells

and quantifynanoparticle phagocytosis.



Chapter 2 z Literature Review

2.1 Introduction to Magnetic Particles
Magnetic particles have attracted sharper focus for their considerable potential

application in various fields such as cell separation, magnetic resonance imaging (MRI),
hyperthermia/drug delivery, magnetic particle standards and magnetic pquadiyy control.

To succeed in use in a specific field, magnetic particles are required to possess at least one of
following properties: monodispersity, superparamagnetism, stalaitityjocompatibility (Kim,

Shin et al. 2012 Thus, researchers and manufacturers have invested significant time and effort

to develop this technology.

2.1.1 Types of Magnetic particle
Many types of magnetic particle are being studied aitilized. The magnetic

nanoparticle (MNP) has the size range from 0.5,80Q nanometers. The first generation of
metallic oxide/ferrite nanoparticle Wwa®&% devel
(with acubicstructurg, FeO, and MeFgO4(Me = Co, Ni, Mn). These particles received the
most attention from researchers until receffanganathan and Ray 2002ul and Maqgsood
2007, Gul, Ahmed et al. 2008 At the same time, metallic particles were studied in the
application of drug deliver{Freeman, Arrott et al. 196Meyers, Nice et al. 1963 The further
research indicates that carsen nanoscale can extravasate more eggsiamn 1987 Dvorak,
Nagy et al. 1988 In 1993, the preparation of /e magnetic particles was first report€chng,
Hadjipanayis et al. 1993 After that, FeN, F&N, 0-FesN, Fe¢N, and similar compounds were
also studiedJonsson, Mamiya et al. 200duang, Lu et al. 20Q@Masubuchi, Yamashita et al.
2011). To date, interest in corghell structure supports the development of this type of magnetic

particle since the gtis could protect to the cores and bring in new properties to the hybrid



system(Fung, Qin et al. 20QMurke, Stove et al. 2001 Seto, Koga et al. 200®iskin, Basnar
et al. 2007Rosicka and Sembera 2011, Ma et al. 2012 To summarize, the main types being
used are metallic particles, oxide/ferrite particles, and iron nitride particles. Based on these types,

the coreshell structure is developed.

2.1.2 Methodsfor Magnetic Particle Preparation
The methods to synthesis magnetic particles have been subjected to extensive research as

magnetic particles are introduced to more and more fields. The microemulsion method has been
employed to prepare @, MNPs since 282 (Inouye, Endo et al. 1932 MeFeO, was also
formed in micellegCarpenter, O'Connor et al. 1998gnoli, Zhou et al. 2001 The use of
Nanoemulsions, a neaquilibrium system, &s proposed for nanoparticle preparation 20 years
ago with many successful applications in pharmacy and cosnfélitgerrez, Gonzalez et al.
2008. Katepetch(Katepetch and Rujiravanit 20[Lise an in situ cprecipitdion method to
synthesis F#€, MNP inside bacterial cellulosed 6F&eN, was produced by Masubuchi by
using noraqueous synthesigMasubuchi, Yamashita et al.021). Gong used thermal
decomposition and sgel methods to get Ni nanoparticles andddped Ni nanoparticles with
different grain size¢Gong, Liu et al. 2010 Flame spray synthesiESS) was used as a large
scale powder processingchnique to produce nanoscale k3 4C0o0s-delta powder for solid
oxide fuel cell cathodes from watbased nitrate solutior{sleel, Holtappels et al. 20L0Keng
synthesized polymesoated ferromagnetic cobalt nanoparticles via the method of radical
polymerization(Keng, Shim et al. 2007 The core/shell nanoparticles cdsoabe prepared by
solgel method(Kobayashi, Kakinuma et al. 200%eltassembly(Agnoli, Zhou etal. 2003,
deposition(Binns, Prieto et al. 20)2in-situ polymerization(Deng, He et al. 2003emulsion

polymerization(You, Zhou et al. 2012 intercalation(Li, Chen et al. 201)]1 and chemical



coprecipitation(Ma, Dosev et al. 2009 Overall, more than fourteen methods are being studied

and used for MNPs synthesis.

2.1.3 Magnetophoretic Mobility (Chalmers, Zhao et al. 1999 Todd, Cooper et al. 2001

Moore, Milliron et al. 2004)

Magnetophoretic mobility is an important parameter to describe the motion ability of
magnetic particle in magnetic field. Suppose that a particle is suspendefiuid m high
magnetic fields, as illustrated in Figure 2.1. The magnetic fdtgeacting on the magnetic

particle (assume the particle is spherical) could be defingtbases 1996

o 'Y n"O (2-1)

where |4 and | are permeability of the solution and particle, R is the radius of the spherical

particle,and ki s t he field intensity. The permeabili

S o (2-2)



Figure 2.17 Particle suspended in a magnetic field. (a) Magnetic particle
entering the magnetic field; (b) Magnetic particle reaching the final velocity,
force balance;

The gradient term can be expressed as

no ngx (2-3)

The volume of the magnetic particle is:

G =Y (2-4)

Combining equations-2 through 24, the magnetic force is:

0 o®.. p L (2-5)

A's s u mjam g ar@much sniker than one, so equatiorS2can besimplified as:



0 G.. ..o— (2-6)

where the term™ is the magnetic energy gradient.

The drag force, § counteracts the effect of the magnetic field; c&n be expressedaged on

Stokes law:

0 ¢ ¥ O 2-7)

where V, is velocity of the magnetic particle, and u is thecesityof the fluid. At equilibrium,
the velocity of the particle remains constant. Assuming that the gravity and buoyance are

negligible, the force balance on the magnetic particle can be expressed as

0 0 T (2-8)

Combining equations-8 through 28, the terminal velocity of the particle,\(the velocity of

particle at equilibrium) is

v (2-9)

v
€

The term> \((;)y__; related to the properties (magnetic susceptibility) of magnetic particle, is

n
independent of the term—, which is a result of the applied mageetiield. The
magnetophoretic mobility of a particleyuis defined as
‘ ¢YY...
wd

(2-10)

Then one obtain the final definition of magnetophoretic mobility
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.0 (2-11)

-
=l

o

The expression of magnetopbtic mobility indicates that, for a given particle and fluid
system, the terminal velocity is determined by the gradient of the magnetic field. When the
magnetic field stays constant, particles with different magnetophoretic mobilities will be

separated.

2.1.4 Application of MNPs and importance of magnetophoretic mobility
The following section discusses the five prevalent applications of magnetic particles and

the need to know magnetophoretic mobility.

2.1.4.1 Cell Separation
Cell separation is an impaurtt application of magnetic particles. The target cell such as

stem cells(Reece, Sanders et al. 2Q01Blet cells(Sajja, Hanley et al. 20),1blood progenitor
cells (Jing, Moore et al. 20Q7rare, circulating cancer cefXu, Aguilar et al. 201}, glial cells
(Marek, Caruso et al. 20D8vere labeled wth magnetic reagents and then could be separated

from unlabeled cells using a magnetic sorter.

The extensive study of magnetic cell separation technology places increasing demand on
instruments and methods of cell separation. Since 1960, Giddingdeseddped two separation
techniques: field flow fraction (FFK{Giddings 1993Schimpf, Caldwell et al. 20Q0G@nd split
flow thin channel (SPLITT)Giddings 1985Giddings 1992 Using chromatography, the FFF
brought in field-driven technology which can lead to different stream layers in a thin channel.
Quadrupole Magnetic FFF, developed on the base of the FFF and SPLITT technology, proved

successful for cell separation. Inside the quadrupole channel, the mdigidtiocreases



linearly from the axis in all directions. In other words, the field gradient is constant and directed

away from the axis, as shown in Figure 2.2.

Sajja, Hanley et a(2011) used a new commercially available high speed magnetic cell sorting
system (IKOTECH LLC). The Quadrasep QMS is a Higtoughput, higkgradient, continuous

magnetic cellsorting solution designed for cliniegrade cell sortig applications.
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Figure 2.217 Quadrupole Magnetic Sorter (flow field in symmetry plane on left)

2.1.4.2 MRI
Magnetic resonance imaging is a medical imaging technique used to take pictures of the

organs and structures inside the body such as brairglenteart and cancers. The protons in

the body tissue will align parallel or astarallel to the direction of the field if a magnetic field is
applied. When a radio frequency current is turned on, an electromagnetic field will be produced.
The protonswill absorb the energy and the spin of protons will change in new surroundings.
After the current is turned off, the protons wiltakgned with the magnetic field and release the
absorbed energy with different relaxation timesdmd T,). A frequency ginal which generated
during the relaxation will be recorded by the MRI machifgédelman and Warach 1993

Edelman and Warach 1993The function of an MRI is shown in Figure 2.3.
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Figure 2.3- How MRI work: (http://ygoy.com/)

1-Randomly oriented spinning protons;-Zhe protons align along the magnetic
field direction; 3-The protons are activated when the radicawes of the MRI are
turned on; 4The protons are inactivated when the radio waves are turned off.

Many different magnetic nanostructures have been developed as contrast agents for MRI
application. Biocompatibility is the first requirement for the designMNP. Among the
contrast agents, iron oxidmsed core shell structure is the most extensive studied to date due
to its unique properties including low toxicity, biodegradability and low impact on cell activities
(Wilhelm and Gazeau 20D8 A superparamagnetic iron core can offer sufficient sensitivity for
T, (Bulte andKraitchman 200land dondét retain any magnetism
Around the iron core, a polymer or inorganic coating protects the core from agglomeration and
allows a targetable deliveryPolyethylene glycol (PEJ Polyvinylpyrrolidore (PVP), Dextran,
mannan,Poly(vinyl acetatefPVA) and silica are used to produce stable and biodegradable
coating(Yoo, Park et al. 20Q8rabhakar, Vijayaraghavan et al. 20%&adjadi, Fathi et al. 2011
Masoudi, Hosseini et al. 20,1@sborne, Atkins et al. 201%e, Laurent et al. 2032 The surface
modifications of MNP include: noepolymeric organic stabilizers, polymeric stabilizers,

inorganic molecules, antdrgeting ligand$¢Gupta and Gupta 2005
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Magnetophoretic mobility is an important parameter to predict the efficient contrast and
efficient delivery of MNPs. R#cles with greater magnetic susceptibility can increase the
detection sensitivity of MR . What 6s mor e,
carrier a eligible candidate for delivering drugs to target location in K8dya, Silva et al.

2007). Further, analysis of magnetophoretic mobility can indicate the delivery efficiency. Silva
et al. quantify the intercellular transfer of magnetic nanoparticle by analyzing the
magnetophoretic mobilitpf donor cell as well as that of recipient cel&lva, Wilhelm et al.

2012

2.1.4.3 Drug delivery/ Hyperthermia
As a useful therapeutic type of tumors treattndyperthermia, also known as thermal

therapy, is able to kill cancer celt high temperaturewithout or with minimal hurting the
normal tissues as tumor cell is more sensitive than hyeedils to the highertemperature In

this therapy, targetedanoscale heaters are carried to the tumor locatiomaaitinalignant cells

to death(Gazeau, Levy et al. 2008 MNPs play an important role during the deliverggess as

it can be driven to selective action by using an applied magnetic field. MNPs can overcome RES
(reticuloendothelial system) clearance and make it possible tootaing targeting and
releasing(Huang and Juang 2011 Thus, much attention has been focus on MNPs design for

cancel therapy.

Various types of MNPs have bestudiedextensively. A nanoplatform which contains
the Core/Shell Fe/E®, MNPs wasreported. With low toxicity, the platform efficiently delivers
the SN38 drug to the cancer site and provide localized magnetic hyperthermia to assist cancer
treatmeni{Wang, Shrestha et al. 2012To develop a longirculating MNP, crosdinked starch

coated iron oxide MNPs were modified wHEG PEGyl ati on enhances
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to resist RES and biocompatibility, and finally magnetic tumor targé@ote, David et al. 2011
Cole, David et al. 2001 The Pluroniecoated FgO, NPs shows many advantages like no
cytotaxic effect, high efficiency of HeLa cancer killing and undesirable side sff@cimitaka,
Yamada et al. 2032 In practical medical application, drug delivery, hyperthermia and magnetic
resonance imaging are always combining togetS#rerlock and Dai(2011) reported the
multifunctional FeCegraphitic carbon shell nanocrystals for highly effective ceantherapy
through combined drug delivery, turselective neainfrared photothermal therapy, and cancer

imaging of breast cancer.

Measurement of magnetophoretic mobility is important in drug delivery. Magnetically
targeted pharmaceuticals can be gditle specific treatment sites within the human body by a
combination of welchosen injection sites and extracorporeal magnetic guidance. Magnetic
guidance requires knowledge of magnetophoretic mobility, which must be high if particles are to
respond to xernal magnets. Magnetophoretic mobility can also help to quantify MNPs.
Tresilwised, Pithayanukul et dR010, estimated virus binding to a walharaterized magnetic

nanoparticle from a simple photometric magnetophoretic mobility assay.

2.1.4.4 Magnetic Particle Standards
National Institute of Standards and Technology (NIST) has maintained microsphere size

standards. In NIST Traceable size standapdsticles are divided into 3 size groupings:
Nanobead (40 nm to 950 nm), Mi crobead (1.00
em) . They a rhousenesausnents eatibrated with MIST (www.polysciences.com).
The beads are sold specdlly as size standards for calibration purposes in various applications,
such as light scattering, electron microscopy and optical sizing. However, NIST does not

provideany magnetic susceptibility measurements in their measurement services.

12



To date, noone is measuring magnetic susceptibility using magnetophoretic mobility,
and no companies, including InVitrogérfe TechnologiesDynal, are claiming particle
uniformity based on magnetophoretic mobility. The famous Dynal Dynabeads, 4.5 micrometer,
only claim uniformity of size. A standardized way of measuring magnetophoretic mobility is the

equivalent of a means of measuring magnetic susceptibility.

2.1.4.5 Magnetic Particle Quality Control
Many companies manufacture and sell magnetic particles baliyisannot report their

susceptibility. For example, the products of Chemicell FluidMag are classified by particle size:
50, 100, 200m etc. (www.Chemicell.com). Nano Diagnostics Inc. provide Gold nanoparticle
products size from 5 to 100 nm, Fe304 INRize from 5 to 20 nm, etc. (www.nanodiainc.com).
There are no physical quantities by which companies can characterize their particles except size
distribution. Companies can become competitive by reporting magnetophoretic mobility.
2.2 Characterization of Magnetic Particles

Characterization of magnetic particles is required both in research and production. Thus,

various methods and instruments are developed.

2.2.1 Structural analysis
Dynamic light scattering (DSL) could be used to determine thécleasize distribution

of nanoparticlegFilippousi, Altantzis et al. 2033 Scanning electron microscopy (SEM) could

be used to deminethe particle size,leemical composition and external morpholdBypa, Van

Hong et al. 2003Gherca, Pui et al. 2012 Transmissionlectron microscopy (TEM) could be
used to observe the microstructure of the parfidleKawashita et al. 20)2 Energy dispersive
X-ray spectrometer (EDX) could hesed to measure the element composition of sample. -TEM
EDX-SAED (Transmission electron microscopiEnergy Dispersive spectrometesmallarea
electron diffraction) combine analysis could quantitatively reveal element content and particle

13



size(Tarasov, Isupov et al. 2008 X-ray diffraction (XRD) could reveal the information about
the crystalline phase, chemical composition and physical properties of theesar§phatangle
X-ray scattering could provide structure information such as particles/pores size and shape

(Tarasov, Isupov et al. 20D8

2.2.2 Magnetic Propeties
Measuring the magnetic property of magnetic particle is as essential step before its

widely application in varies fields. Many methods have developed to describe the quality of
magnetic sample. As follows, some methods most often used are intr@htedmpared with

Hyperflux Velocimeter.

1 Magnetic susceptibility balance
The Sherwood scientific magnetic susceptibility balance, shown in Figdrésdised to
describe the magnetic properties of the magnetic particles (Mt/@AY) coated by
montmorillonite/N-(carboxyacyl) chitosaf@Anirudhan, Gopal et al. 2014 The principle is
simple: a compensating force will be generated in one end to maintain theebsyatem when
the magnetic material is introduced into the other end surrounding by magnetic field. The force
will be recorded and converted to display data. The magnetic susceptibility values were

expressed:

P — (2-12)

where L is the path length of the sampleg,i®Rbalance reading for sample in tube, iR the

calibration constant and W is the weight of the sample.
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Figure 2.4 - Sherwood Susceptibility BalanceMk1)

(http://www.sherwoodscientific.com/msb/msbindex.htnl

1 Vibrating Sample Magnetometer (VSM)

The vibrating sample magnetometer (VEEince its invention by Fon€Foner 1959 is
employed to reveal th@agnetisnproperties of nanoparticle in the form of powders, liquids, thin
films or bulk samples . By vibrating sample sinusoidally, a sinusoidal signal of the magnetic flux
change could be detect, then tinduced voltage is recorded by the laokamplifier. The
hysteresis curve of the material, including the information saturation magnetization (Ms),
remnant magnetization (Mr.) and coercive field strength or coercivity (Hc), could be obtained

after the tet (Kim, Park et al. 2007 ilippousi, Altantzis et al. 2018hukal, Bansal et al. 2014

Li, Greenberg et al201]) developed a magnetic filter system that could derive magnetic
susceptibiliti e-Fe2@3partidas frdmeneasured pesdtratienglatao However,
in this method, the particle should be size monodisperse; and the susceptibility should be gained

from VSM before measurement.

1 Hysteresis loop tracer equipment
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The equipment is used to measure saturat@agnetization (Mr), retentivity (Ms) and

coercivity (He)(Tangsali, Budkuley et al. 201.1

1 Superconducting quantum interference device

Superconducting quantuinterference device (SQUID), a sensitive magnetometer, could
detect extremely small magnetic fields from magnetic part{€émke 1994 Thus, SQUID is
usedwidely to measure magnetic properties of samples. The SQUID is based on Josephson
Effect. Magnetic flux in the superconducting loop could be estimated as a function of voltage

change. A good example is its application on magnetic resonance imaging (MRI).

1 SQUID-based susceptometer

(Hurt, Li et al. 2013 developed a SQUIbDased susceptometer whichpports two
different measurement techniques: dc scan and VSM. Thus, this instrument could access to

investigate wide variety of samples by choosing the proper method.

1 Magnetorelaxometry (MRX)

MRX is very useful to detect immobilized magnetic nanoplagiflange, Kotitz et al.
2002 Schmidl, Weber et al. 2007 This technology is also based on SQUIDs. Twéedeht
magnetic relaxation mechanisms a liquid phase and immobilized. The former one, in which
particle could be freely movable and magnetization decays mainly due to rotational diffusion of
magnetic particle, is a Brownian relaxation mechanism, enttie latter is Nél relaxation
mechanism, in which particle is immobilized. When a magnetic particle is bound, Brownian
relaxation is suppressed, and then MRX could distinguish them from unbound particles. During

Magnetorelaxometry, MNPs is exposed iagnetic field for 4, the magnetic field is turned off
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and the relaxation of magnetization is measured. The relaxation times of two different
relaxations could be calculat¢dudwig, Heim et al. 2004and compared to determine the

degree nanoparticles are bound.
1 AFM

(Park, Yoo et al. 20Q8used abmic force microscope to find the magnetic moment per unit
mass of magnetic nanoparticles. By detecting the magnetic forces, the scanning probe could
reveal the magnetic properties of a variety of systems, from thin film surfaces to biological
samples(Saenz, Garcia et al. 1987The relation between magnetic force and magnetization

could be expressed by:
& - "1 — (2-13)
where m is the mass of magnetic material, M(B) the magnetization per unit—n?u'EShe

magnetic field gradient.

All these method are used for @ifie analysis, which means it takes significant time to

collect sufficent samples before the measurements can be performed.
1 Ferromagnetic resonance

To measure the magnetization of ferromagnetic materials, FMR is a good choice, say
nanoparticles of Gdli alloys (Tarasov, Isupov et al. 20f)8ferromagnetic films(Seemann,
Leiste et al. 2013 Mn-Fe nanoparticle@Branquinho, Carriao et al. 20L8nd so or(Abracado,
Esquivel et al. 201,2Jsselman, Russek et al. 20Raj, Sharma et al. 2018/ardal, Typek et al.

2013. FMR is a spectroscopic technique dam resonance phenomenon happened when the
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frequency of external magnetic force-Bdhemi | ar

relation between the magnetization, resonance frequency and magnetic field could be expressed:

A— C C C C - (2-14)

The uniaxial anisotropy field Hand saturation magnetizationsMould be obtained by fitting

resonance frequencytb the function of magnetic field H.

1 HyperFlux Velocimeter

The HyperFlux, a product of IKOTECH Inc., is shtwr High-Definition Magnetic CeH
Tracking Velocimeter. It can automatically analyze cell and particle sizes, concentrations, and
magnetophoretic mobility (particle velocity within a magnetic field). The HyperFlux is
particularly useful for quantifyinghe magnetic labeling of cells, validating particle quality and

consistency, and identifying distinctly labelled populations in a sample.

The previously mentioned methods can only provide bulk average
magnetization/susceptibility of sample. By contrdsyperflux Velocimeter can track the
motion of each particle in the magnetic fiel
magnetophoretic mobility and other 18 distinct parameters after statistic calculation by powerful
software. The particlby-particlebase method provides more useful and meaningful data to

allow researchers and manufacturers to control the quality of the product.

The Hyperflux flow system contains a borosilicate glass channel with square (2 mm)
crosssection and 6 cm lengthOne end of channel connects to the prime buffer and sample
syringe while the other end connects to the waste bottle. In each connection, there is a solenoid

pinch valve to control the sample flow or buffer. The Focus channel is placed within a magnet
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assembly where magnetic force is perpendicular to the direction of gravitational force. The
video microscope system consist a darkfield LED light and a high definition Grasshopper 2.0

MP monochrome FireWire camera, capturing images rapidly at high d&ifiniihe images are

recorded by computer and sent to the image processing software. From there, video data are
converted into useful parameter dat a. A prog
and set the size range of particle. This stap loe used to reject spurious data tracking. The
tracking particles are analyzed and statistic
provides the histogram of magnetophoretic mobility. Figure 2.5 illustrates the three important

parts of Hypetix Velocimeter.

Video microscope system Image processing software

Flow Channel Cell surroundin —
Hyperflux Velocimeter

by isodynamic field

Figure 2.5 The Major component of Hyperflux and the HigtDefinition Magnetic
Cell-Tracking Velocimeter www.ikotech.com

19


http://www.ikotech.com/

2.3 Magnetic Cell Separation
Cell separation is an essential step iothb experimental cell science and apgl

biomedical technologyCell separation methodsave beerdevelopedrapidly in past decade.
The contributions are not only come franademidab but also commercial entrepreneurs. In
other word, the market, cunmtty, could offer a wide selection of cell separation methods and

instruments to researcher and other users.

The commercially available cell separation methods could be classified into three groups
by methodologies: adherence, density and antibody bir{dimglinson, Tomlinson et al. 20},3
The magnetic cell sorting technology is an antibbahding method. The antibody is conjugated
to micro particle which contairison oxide. The magnetic field is required during the separation
process: the labeled cells would be retained by the field while the unlabeled are depleted. Unlike
other methods based on cell physical properties, the ardigdrody reaction provideshe

potential foranalyzingcellsat a molecular level.

The magnetic cell separation method has many advantages editgaptical methods.
First of all, thecel abel i ng and separation process is si
the time it takes much less time to prepare sample and process separation than that of
fluorescence method. Last but most important, magnetic separation is more affordable for an
individual laboratory due to the low capital and operation costs. On the other haymgtima
separation is always combined with optical analysis of the fraction as onhdefigled cell

mixture system could lead to a meaningful result.
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2.3.1 Theory of Magnetic Separation

2.3.1.1 Magnetic Susceptibility
Magneti c s us c e p temsiorleksi progortighaity constant iadicaded ithe

degree of magnetization (M) of a material in response to an applied magnetic field (H). In a

word, the relationship between M and H is ¢6:

0 .0 (2-15)

The magnetic field could be described by maignéeld strength (H) and magnetic field
induction. B indicates the effect of the magnetic source on the surrounding space. It can be

expressed:

8 ‘0 p .O * O D (2-16)

where pis the magnetic permeability andigt the magnetic peneability of the free space and
the free space magnetic inductian ‘ "O. The simple way to measure magnetic

susceptibility is that of magnetic balance, which is to determine magnetic force:

0 .06 (2-17)

where F is the magnetic force, V is the volume material, H the magnetic field strengttheB
magnetic field induction of the free space.
|l athanide solution, hemogl obi n; w h e and mes0 , t

of organic compounds.

2.3.1.2 Magnetic Force
A magnetic field will produce a stress on space, which is called Maxwell stress. In a

homogeneous, isotropic, linear medium, Maxwell stresses reduce to a scalar, with théQé@lue
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The localmagnetic force density in matter, f, is equal to the divergence of the Maxwell stress

tensor:
B n-06 n-086 -6 M-05 (2-18)

So the total magnetic force acting on a particle is:

3 Qw 6" -G (2-19)
Since6 * O one can get the magnetic force in theirection:

O 66— — (2-20)
The term — is often referred to as magnetic pressure.

2.3.1.3 Isodynamic Field
In an isodynamic fieldthe force on a particle is essentially constant in magnitude. This

characteristic makes it possible to measure the-iineldced cell velocity as the cell velocity
depends only on cell properties in the isodynamic field. The isodynamic field coulddyatgen

by two pole pieces. Figure 2.6 shows the domain we interested.
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Isodynamic
region

b 8 ) 1/2 HB, = const

Figure 2.6 - Isodynamic field (the region in the box with parallel, same length
pathlines)(Zborowski and Chalmers 2009

2.3.1.4 Magnetophoretic Mobility
The magnetic force on a magnetic particle suspended in a diamagnetic fluid medium

could be &pressed:
3 Y.hd — (2-21)

whereY... ... ..., the difference of susceptibility between particle and fluid; V is the volume
of the particle. Assuming the mieeized particle is in a viscous creeping flow and reaches a

terminal vebcity, the drag force on the particle, according to Stokes law, should be
3 @ - (2-22)

where dq is the viscosity otvisthetarmirdl veloRty ofthe t he r
particle. If the magnetic force balances thegdi@ce,F = F4, one obtains the terminal velocity

of the particle:

o IT—n — (2-23)
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The above expression is the form of a product of two quantities that are independent of each

other. The left term,y—, describes the properties of the particle and fluid medium; the right

term,n — | is the magnetic pressure.

Then the magnetophoretic mobility and the magnetic pressure are defined as

ak 21— (2-24)

Y on — (2-25)

In isodynamic field, & is constant. Then the value and directiorv @ fixed. In other word,

the same particles will move in a nearly uniform motion.

2.3.1.5 Parameters that affect magnetophoretic mobility
Four parameters areported to affect magnetophoretic mobikignificantly of labeled

cell: the antibody biding capacity (ABC) of a cell population, the secondary antibody
amplificati oma@y)ketitchd i gadt ii olt)eEandahe tell dametgrar a me
(Dc) (McCloskey, Chalmers et al. 2003 For a twestep labeling cell, the magnetophoretic

mobility could be expressed:

a (2-26)

where subscripts filo and A20 refer to the pri
mis the number of a n t; is the fractibni obaintiyen melacules en tige r ¢
particle surface bouh by pr i ma i ig theavaléncebobtldeyprimarsg antibody binding;

¢ —_ represents antibody biding capacity. is the number of biding sites on the primary
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ant i byt thg fractidn of biding sites on the primary antibodies trebaund by secondary

ant i b eisltheevalence af the secondary antibody binding; the combinectterm is the

secondary antibody amplificatign,. nz is the number of magnetic nanoparticles conjugated to

the antibody. Ris the dialet er of the cel | . dp.isthe difftrencewfi s c o s i
magnetic susceptibility between magnetic particle and fluig.i3/the volume of magnetic

particle.

2.3.1.6 Settling Velocity versus Magnetic Velocity
When observing the magnetilgainduced velocity of magnetic particles in a magnetic

energy gradient, the settling velocitydy of the particle should not be neglected. The settling

velocity can be represented by:

o 10 (2-27)

where ) 1 s tntedetvebenrparticle and meadifini. &hus, the relation between the

two velocities could be expressed:

Y (2-28)

The ratio should be constant if the magnetic field gradient is constant. All abowedsdrathe
assumption that the susceptibility and density of particle will not change. Susceptibility, which
indicates the relationship between magnetization and applied field, can be regarded as constant
value in a narrow range of applied field. Thefamity of particle will also impact the value of
particle density. The size distribution of particle will contribute to data spread in magnetic and

settling velocitiegXu, Mahajan et al. 2032
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2.3.2 Analytical and Separation techniques

2.3.2.1 Analytical technology
Further improvement of the methods of magnetic particle measurement and

characterization is in demand due to the development and maturation of magpetiation

technology.

1 Measurement of Magnetic Susceptibility

Several devices are employed to measure the magnetic susceptibility of materials, as

shown in Table 2.1.

1 Measurement of Magnetophoretic mobility

As discussed above, magnetophoretic mobiléag describe the properties of particle if

the fluid medium is fixed:

a — (2-29)

Table 2.1- Devices which can detect magnetic susceptibility

Method Sample Mechanism Reference
Superconducting Quantum | Human ton Stores| Magnetometer; (Brittenham Farrell
interferencedevice (SQUID) _ | etal. 1982
Contain Josephson Junctig
which can tell tiny change
of energy
Faraday Microbalance Ceion Faraday method (Laachir, Perrichon
et al. 199]
CS2 Apparatus and KLY | Rock Measurement of #rmal (Hrouda 1993
Kappabridge variation of magnetic
susceptibility
Torque meter Rock (Kligfield, Owens et
al. 198)
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Cryogenic Magnetometer

Digico spinner

magnetometer
The Bartington Magnetic Water (Dearing 1994
Susceptibility System o
Sensors Calibration sample

OFerrod6 o
tape

Steel wool

If the particle is spherical, the relationship betweemtrticle radius and the mobility is

a — .. .. (2-30)

This parameter could help to characterize the process of magnetic separation and further
assist to design the particle separation system. As the definition is given, instruments are

developed to measure magm@toretic mobility.

The celttracking velocimetry (CTV) can successfully monitor the movement of particles
and/or labeled cells in an isodynamic fluid,(Snagnetic field strength is constant). Unlike
SQUID which can only measure the average propedieslls, CTV can provide a track for

each particle.

1 Hyperflux Velocimeter

The following description of the instrument is adapted from the IKOTECH website. The
HyperFlux system, developed by IKOTECH, is a particle analyzer and velocimeter that is used
for high definition magnetic particle tracking. The system utilizes Point Grey's Grasshopper

camera and a patented magnetic cell sorting solution called Quadrasep that can sort at speeds up
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to 10,000,000 cells per second in a closed system making itihé$ faster than existing
systems on the market. Many analysis technologies today can measure fluorescence intensity of
cells and analyze individual images of cells. However, HyperFlux is the only system that is able
to provide quantitative video analgsof cells or particles and their motion as part of a fast and
automated turnkey system. It combines fast images and morphology analysis withpsme
velocimetry measurements to provide new ways for cell researchers, pharmaceutical
manufacturers, maghe particle manufacturers, environmental biologists, and many other to

improve their research and quality control data.

Figure 27 illustrates the Hyperflux. Hyperflux analysis can provide detailed data of
sample cells by using a microscope that obsepeadls and particles in a micro capillary glass
tube that is mechanically aligned within a custom magnet assembly, recording the particle

movement to a hard drive as image files. The magnet induces lateral motion (‘mobility") for

objects that contain magtically responsive materials

Figure 2.7 - Diagram of the Hyperflux Velocimeter (Camera focused on region of
interest)
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such as iron oxide, while gravity induces vertical motion that is related to the mass density and
the size of the object (either doward sedimentation or upward buoyancy). The horizontal
microscope consists of a darkfield LED ring that illuminates the capillary tube and a high
definition Grasshopper 2.0 MP monochrome FireWire camera that captures the images paired to
a long working tstance telecentric lens (typically either 4 or 6x magnification). The camera and
lens are mounted to a-@kial micrometer stage, allowing for vertical and horizontal alignment

of the camera to the capillary as well as adjustment of the focal plaregednare captured at

high definition, 30 frames per second and are recorded to a computer. The computer runs
custom software that automates the image capture and analysis written using Point Grey's
FlyCapture library. Image samples are taken in 'set}}, @ach set representing a fresh fluid

sample in the field of view.

A typical field of view will contain anywhere from ten to ten thousand cells or particles
depending on the concentration of the sample. In order to obtain a statistically signifteant da
set for the sample, it is a necessity that the Hyperflux analyze from 10,000 to 100,000 or more
cells or particles, and therefore anywhere from ten to one hundred sets or more may be taken.
The HyperFlux refreshes the sample automatically using a pamdppinch valves that are
actuated between each set that is captured. A Dell computer running Ubuntu Linux contains a
dual quad core CPU design and the software leverages this computational capacity by
multithreading the analysis to analyze multiple s¢tence. Each image is analyzed to identify
each particle or cell as an 'object’. The objects are identified in subsequent frames and linked

together as a single 'track’ via a database.

Characteristics for each object are measured in each frame, shehséze of the object,

the brightness of the object, and morphology parameters such as surface roughness and
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elongation. These parameters are then averaged and the standard deviation for each object is
calculated over the "track". Additionally, the nuati of the centroid position of each object is

used to calculate track linearity and vertical/horizontal velocities. Open source data presentation
tools integrated into the software allow the user to visualize the data using single parameter

histograms, dal parameter scatter plots, and three dimensional dot plots.

2.3.2.2- Separation Technology
1 Commercial magnetic cell separation technology

Currently, a large number of cell separation devices are available in the market. Thus,
it ds c onv e mwisdectta ddvicerbasedsoe thesr purpose and the price. TFahlist&

the company and brand name of the products:

Table 2.2- Commercial magnetic cell separation products and devices
(BDBiosciences JanssenDiagnostics LifeTechnologiesCorporation, MiltenyiBiotec , R&D ,
StemCellTechnologies

Company Product Description Application

Life Dynabead® Dynabeads are superparamagneti¢ 1. Positive isolation
Technologies monosized polymer beads. When | 2. In depletion
Corp. Dynabeads are mixed with sample  unwanted ell

and bind to tar ¢3.Negative
isolate the target cells from the reg  isolation
of sample with the help of a Dynal

magnet.
R&D MagCellect cell Magcellect technology is based on Selective isolation;
Systems, Inc.| selection/detection the use of Ferrofluids which are )
kits, superparamagnetic particles with Rare cell detection

diameter up to 150 nm.
Flow Cytometry,

Smalland uniform size results in
rapid binding rate and higher bidin
capacity.

Cell Enrichment
Column Kits

Janssen CellSearch® The CellSearch® System is the on| identify, count, and
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http://www.veridex.com/cellsearch/CSProducts/CTCKit.aspx

Diagnostics, | Circulating Tumor | laboratory platform thattandardizes characterize tumor
LLC Cell (CTO)KIt, sample collection, cell capture, cells
staining, enumeration, and
CeIISear9h® cic characterization of CTCs
Control Kit,
CellSave
Preservative Tuhe
CellTracks®
AutoPrep®
System
CellTracks
Analyzer lI®
Miltenyi MACS MACS MicroBeads are Positive selection,
Biotec Microbeads, superparamagtie particles, about ,
50- nm in diameter. They are too Depletion,
Cell Separator, | gma| to activate cells or saturate d Untouched
Buffer, surface epitopes. isolation,
Flow Cytometry, The labeled cells binding with Sequential sorting
colloidal MACS Microbeads will be
Etc. retained within the MACS Columns
placed in MACS separator
StemCell EasySep EasySep is a fast, easy and coluin Positive selection

Technologies
Inc.

free cell selection system with ope
gradient magnetic fiel
configuration. The design is bas
on quadrupole field. Target ce
bounded to magnetic nanoparticl
after incubation will be retained i
the tube while untouched cells c
be poured off into a new tube. T
EasySep nanopa
interfere with downstrear
application thus do not need
remove.

Depldion

BD
Biosciences

BD IMagnet cell
separation system

BD IMagnet is a direct magnet.

Economical option for cell pre

Enrichment or
depletion of
leukocyte
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http://www.veridex.com/cellsearch/CSProducts/CTCKit.aspx
http://www.veridex.com/cellsearch/CSProducts/CTCKit.aspx
http://www.veridex.com/cellsearch/CSProducts/CTCControlKit.aspx
http://www.veridex.com/cellsearch/CSProducts/CTCControlKit.aspx
http://www.veridex.com/cellsearch/CSProducts/CellSavePresTube.aspx
http://www.veridex.com/cellsearch/CSProducts/CellSavePresTube.aspx
http://www.veridex.com/cellsearch/CSProducts/CellTracksAutoPrep.aspx
http://www.veridex.com/cellsearch/CSProducts/CellTracksAutoPrep.aspx
http://www.veridex.com/cellsearch/CSProducts/CellTracksAutoPrep.aspx
http://www.veridex.com/cellsearch/CSProducts/CellTracksAnalyzer.aspx
http://www.veridex.com/cellsearch/CSProducts/CellTracksAnalyzer.aspx

enrichment.

subpopulations.

1 Quadrupole field and quadrupole magnetic sorter (QMS)

Magnetic quadruple fields can be made by placing four identical magnet poles

perpendicular to each other. The south pole of one piece is next to the north pole of the other, as

shown in Figure 2.9. This configuration will produce a high field gradient as the fields grow

rapidly along with the radial distance from the center where the field is zero. In an ideal

guadrupole magnetic field, the field gradieng/( is constant and high field strength is reached

near the magnet tip.

Figure 2.8 - Quadrupole field. The back lines with arrow are the field lines. The
red dashed lines represent the magnetic field contour (dark4ed field; light

red-high field)
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The quadrupole magnetic sorter (QMS) is a continuous, efficientflsplitmagnetic cell
separation system.lt is based on SpliElow LateraiTransport Thin (SPLITT) separation
technology(Giddings 198% which is developed from Field Flow Fractionation (FFF) method
(Giddings 1966Giddings 1963 Thompson, Myers et al. 196&iddings, Hovingh et al. 1970
QMS was designed to separate labeled cells from nonmagnetic cells. The target products could
be collected by positive isolation or depletion. Three key portions are employed by QMS: a thin
split-flow channel vith inlet and outlet flow splitters, quadruple magnetic field produced by four
pieces of permanent magnets and pump. EZ&describes the mechanism of QMS. The sample
with | abeled cells was pumped i ntontdrdtoulet c hann
bo. The magnetic particle wil!/ move centrif uc
There are four critical motilities which could help to predict the behavior of particles in the
channel and analyze the fraction of effluentilig(Jing, Moore et al. 200 Bajja, Hanley et al.

2011). They are listed as follow:

mp, Mobility whereby a partie entering the flow channel at the ISS and will reach the OSS and
exit at b; m, mobility whereby a particle entering at the wall of the core reaches the OSS and can
flow out at b; m, mobility whereby a particle entering at ISS reaches the outer waltieof
channel and will stay in the channelz,mmobility whereby a particle entering at the core wall
reaches the outer wall. & a G . Particles witH & exit at outlet a; those with

a a & will exit either in a or b fraction; those havidg & & will flow out at b;

those withd a & will exitin b or become trapped on the Bheall; those with mobility

i a will be retain on the shell wall.

33



¢ NJ y & LJ2 N.

(@)

/| 2 NB

h {1

34



(b)

o b2¥F3IVSirod

e al 3IVSGAO LI
¢ NI vaLk2 NI |
{2t AR / 2NB

= al IVSi ¥

| X Adasn

Vbo- dzF T SNJ

vy fHYLXS C

vpt 2aA0A @GS

vibS3raras

Figure 2.9- QMS: (a) transport lamina; (b) schematic of quadrupole flow sorter:

ri refers to the distance between inner splitting surface&s@) and the core; sis

the distance from core to outer splitting surface (OSS). The space between ISS
and OSS is called the transport lamina.
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2.4 Label Cell
Mammalian Cells labeled with various superparamagnetic iron oxide nanoparticles

(SPION)arestuded to investigate the efficiency and toxicity of labeling cells and the application
potential on clinic, say biological detection and imagiigcher, Allport etal. 2003 Daldrup

Link, Rudelius et al. 20Q5Maxwell, Bonde et al. 2008 cell labeling/targeting(Hideyuki

Terazono 2010Tseng, Shih et al. 201Ruan, Shen et al. 20}1cell separationOdette,
McCloskey et al. 1984Bieva, Vander Brugghen et al. 198uhara, Takeyama et al. 2004
There are many advantages to use the technology of magnetic cell labeling to in target cell
detection and separation: minimizing manual labor, more precise results, rapid, sensitive and
simplgStampfli, Miescher et al. 199®Rarra, Wingren et al. 199%chratzbergefReinisch et al.

1997, SawakamiKobayashi, Segawa et al. 20030 establish a method to characterize magnetic
label cell, we not only need to understand how to choose the magnetic padildes

combination, but also culture conditions and uptake chemistry.

2.4.1 Cytotoxicity
Cytotoxicity is the priority issue to be considered in application of magnetic particles

both in vivo and in vitro. Sometimes we hope to kill target cells, say tuthergcytotoxic
particles might also attacks normal cells which lead to seriouseffiglets. In other cases, cell
sorting/separation as a goal, product cells are expected to be healthy or easy to recover after
MNPs label/combination. If we could suppres® tbytotoxicity or design a more suitable
particles/target cells system, the major disadvantage of the uses of magnetic particles in

biomedical applications could be overcome.

l'tds reported that t he c atrcbaed ED;pragduslawp s on

cytotoxicity (C. Wilhelm and F. Gazeau 2008As a surface protector, PEG is widely used in
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biological research to improve biocompatibility amtreaseblood circulation time(G Storm
1995 reduce particle toxic and prevent interacting from cells or pro{€is Gdander 1992
Other than PEGylation, surface protection such as poloxamers and poloxamines are also

investigatedMoghimi and Hunter 200(Mayol, Quaglia et al. 2008

The MTT assay(Tetrazolium dye assay$or cell viability is of great value to detect

biomaterial toxicity(loss of viable cells (Mosmann 1998

2.4.2 Cell uptake
(Wilhelm and Gazeau 20D8evealed twaypes of cell uptake mechanism, electrostatic

adsorptive endocytosis for anionic magnetic nanoparticles (AMNPS) anepflagk endocytosis
for dextran or BSAcoated nanoparticles. The AMNP shows 4specific affinity for cell

membrane which lead to hidgibelling efficiency.

A mass action kinetics model was developed to explain the AMNP uptake mecl@nism
Wilhelm 2002 as a twestep process: biding of AMNP on reactive sites on cell surface
(Langmuir adsorption) and cell internalization thie reactive sites by endocytosis pathway
(saturation mechanism). The Langmuir adsorption rate, based on electrostatic interactions
between charged particles and cell surface, is a mass change function proportional to particles
concentration (C) in the mdeum. Desorbing process is related to the mass of adsorbed

nanoparticles. The absorbed rate expression is as follow:

Al eui 1 ET
o
m(t)=0 @ t=0, so
i @ " i o AgDE# E O
E# E
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where k (MsY) is and gy (s?) are for adsorption and desorption, separately.

The internalization process occurs subsequently. Some particles adsorb on the surface

pass through the membrane to create intracellular endosomes.
The internalization rate could be expressed:

B 6 QO s sa ¢
— ——a 0 0 & 0
Qo Qo

Wheren is the fraction of the reactive surface that can be internalized and khe

internalization rate constant(s

There are many reports thelectrostatic interaction between a charged particles and the
membrane could enhance cell uptake. The cell surface contains large domains of anionic sites
which could attract the cationized particles more than native and anionized adsorbate. The
cationic sites also exist but relatively with smaller domain which could assist the biding of
anionized particlegFarquhar 1978Mutsaers and Papadimitriou 1988ee, Nir et al. 1993

Miller, Bondurant et al. 199&henevier, Veyret et al. 20P0

2.4.3 Culture Condition
For different study objectives, labeling conditions such as iron concentration, exposure

time and temperature might vary. To evaluate the effect of ferumokptey-|-lysine (PLL)
complex for magetic cell labeling on the lonerm viability, function etc, more than 44 days
labeling experiment are conducf{@dbab, Bashaw et al. 20p3To analyze uptake molddand compare

internalizationand external absorption, two temperature 4 and 3¥eechosen(C Wilhelm 2003.
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Chapter 3 - Magnetic Particle Characterizationi Magnetophoretic Mobility
and Particle Size

Abstract
Quantitative characterization of magnetic particles is useful for analysis and separation of

labeled cells and magnetic particles. @rtgle velocimeter is utilized to directly measure the
magnetophoretic mobility, size and other parameters of magnetic particle suspensions. The
instrument provides quantitative video analysis of particles and their motion. The trajectories of
magnetic particles in an isodynamic magnetic field are recorded using adeighition
camera/microscope system for image collection. Image analysis software then converts the
image data to the parameters of interest. The distribution of magnetophoretic msbility
determined by combining fast image analysis with velocimetry measurements. Particle size
distributions have been characterized to provide a better understanding of sample quality. The
results have been utilized in the development and operation lyzanarotocols for counting
particle concentrations accurately and measuring magnetic susceptibility and size for
simultaneous display for routine application to particle suspensions and magnetically labeled

biological cells.

Keywords: image cytometrymagnetic carriers, magnetic particles, magnetophoretic mobility,

particle size distribution
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3.1 INTRODUCTION
Since magnetism and magnetic particles wgedwidely in many bioengineering and

medical applications, characterization of magnetic particpgaties is required both in research

and production. Specific cytometrglevant applications include the analysis and/or separation
of biological cells labeled with magnetic particles. Various methods and instruments have been
developed for magnetiparticle characterization. Dynamic light scattering or laser diffraction
determine the particle size, scanning electron microscopy ($Edba M 2003Gherca D 201p

or transmission electron microscopy (TEM)Li ZX 2012) observe the microsicture of the
particle, energy dispersive -bay spectrometer (EDX)Tarasov KA 2008 determines the
element composition and-nay diffraction (XRD) (Li and Takahashi 200@hao, Wan et al.

2000 provides information about the crystalline phase. Methods etermine magnetic
properties include the vibrating sample magnetonm@&ener 1959Fonnum G 2005Kim, Park

et al. 2007 Bhukal, Bansal et al. 20)4the superconducting quantum interference device
(SQUID) (Clarke 1994 Hurt, Li et al. 2013 and giant magnetic magnetoresistance sensors
(Little CAE 2013. These methods provide only bulk average magnetization/susceptibility of a
sample. For many applications, including applications to biological cells, a bulk value is not
sufficient for analysis and experiment design. More mfation concerning homogeneity of
magnetic susceptibility among particles in a population is needed by both researchers and
manufacturers. Moreover, susceptibility of the particle cannot comprehensively describe the
motion of the particle in a defined magit field. The particle size and the interaction between
particle and medium also impact the behavior of magnetic particles. Individual particles can be
characterized by measuring themagnetophoretic mobilityMagnetophoretic mobility not only
contairs information on susceptibility of the individual particle but also reflects the particle size

and viscosity of flid medium (Chalmers JJ 199%borowski M 1999 Zborowski M 2008.
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Non-commercial instrumentation has been applied by specific investigators to the measurement
of magnetophoretic mobilitpf individual particles and magnetically labeled cells by particle

tracking velocimetrfReddy S 1996Moore LR 200Q Suwa M 2001 Xu J 2012 In certain

cases these measurements applied directly to the establishment of parameters for the
enrichment of magnetadly labeled cells in flowing devic@/illiams PS 1999Watarai H 2002
McCloskey KE 2003 Sajja VSK 201} or to the quantification of cell surface markers

(McCloskey KE 2000McCloskey KE 2001

This study develops a method to characterize the properties of magnetic particles by
particle tracking velocimetry usina commercial Hyperflu¥! velocimeter (IKOTECH Inc.,
Greenville, Indiana, USA). This velocimeter tracks the motion of each particle in the magnetic
field and describes the particle size distribution and magnetophoretic mobility. The fmrticle
particle analysis provides statistically useful and meaningful data to allow researchers and
manufacturers to understand the distribution of properties and to control the quality of the
product. The main scope of this studgsto demonstrate procedures in whitte Hyperflux
Velocimeter may accurately describe the properties of a magnetic particle suspension. In this
study we testd the effects of image analysis parameters on magnetophoretic mobility
measurement, compareéhe particle concentration counts witbreesponding hemacytometer
counts, then a means of particle size measuremastieveloped based on reported standard

particle size. In all cases the impact of instrument optical threshold settisgsalyzed.

3.2 Theory
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In an isodynamic magnetic figlerantz SG 1936Chalmers JJ 199Zborowski M 1999
Zborowski M 2008, assuming a micreized magnetic particle is in a viscous creeping
diamagnetic fluid medium, the magnetic force acting on the particle can be expressed as

&

O Y..®

whereY... ... ..., the difference between the magnetic susceptibility of particle and fluid; V
is the volume of the particle;pBnd b are magnetic induction and magnetic permeability of free
space, respectively... ... in mostpractical cases, but deliberate exceptions éMsiore LR

2004 Zhang HD 200%

At the same time, the drag force on the patrticle in the direction opposite to that of the

magnetic force, accordingtoStwls 6 | aw, shoul d be

3 (p"—éY
where dq@ is the viscosity of fluid, R is the
the particle.

When the particle reaches a terminal velocity in the system the drag force will balance

the magnetic fre, K, = Fy. One obtains the terminal velocity of the particle:

. y
U 1 (1)

The left term——, describes the properties of the particle and fluid mediumsaddfined as

magnetophoretic mobilifyJ,,. Rearranging the above expression we find that magnetophoretic
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mobility is the ratio of the terminal velocity of the particlg, to the gradient of the magnetic

n
energy,—,

% . @)

The unts of Uy, are m 8/T A m? or n°T* A™ s* (meters cubed per Teshamperesecond),

expressed in this work assmT AAA s .

Thus by measuring the terminal velocity of the particle the magnetophoretic mobility of
the particle may be calculated, as the magnatissure in the isodynamic magnetic field is
constant. The Hyperflux Velocimeter uses this feature to track the mobility information of each

particle.

From the definition of magnetophoretic mobilifly, ——2 3 ? we find that it is a

function d effective magnetic particle size and magnetic susceptibility and medium viscosity.
These three parameters are independent and could all influence the motion of the particle. This
means that the magnetic susceptibility of each single particle can ddatad when these
variables are measured simultaneously for a single patfcéntz SG 1936Reddy S 1996

Chalmers JJ 199Zborowski M 2008 Xu J 2012.

3.3 Materials and Methods

3.3.1 Nonmagnetic Paticles and Magnetic Particles
Three types of calibration beads were used: medium mobility calibration Béads (

6.61 +2.58x10%m¥ TAAAs) , Inmgnetie calibiatiore bead® (diametdr= 4.993 +
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0.040 pm), medium size nemagnetic calibration beadd (= 1.999 + 0.020 pm). Their
characteristics are summarized in Table 1. The reference mobility of the medium mobility
calibraton beads was determined by the vendor using a measured and mapped magnetic field
and gradient.  Several-tentified commercial product beads were studied to demonstrate the
range of measurements possible and thatranthat exists within the comma&al bead market,

keeping in mind that such beads are used in magnetic cell sorting. The bead samples were
designated as follows (with the diameters, D, provided by the vendard) 8~312 pm), B;
(D=~15pum), Bs (D = ~1.5 pym), R (D = 0.88 pm, unibrm microspheres),,KD = 3.13 pm,

uniform microspheres),sRD = 3.16 pm, uniform microspheres). B and P series particles are
provided by Bangs Labs. Inc;;l(bead content ~10 mg/mD & 2. 7 , (head contént
~28mg/ml,D& 2. 7 ;(@end contebht28mg/m,D& 2.7 Om). L type mag!
provided by Agilent Technologies. All the siz

label and catalogue data.

3.3.2 Hyperflux Velocimeter
The Hyperflux Velocimeter (Figur8.1(A) includes a channel cell, a magnet assembly

providing an isodynamic magnetic field and gradi@atantz SG 1936Chalmers JJ 1999
Zborowski M 1999 Little CAE 2013, an automated pump for sample changing, a-high
sensitivity and highresolution (4.4 pm) Grasshopp&rmonochrome 2.0 MP Fifd/ire CCD
camera (Point Grey) combined with a 2X to 8X telecentric lens (Edmund Optics) to capture
darkfield images of the moving particles at 30 frames/s as part of a fully automated process.
The 6X €lecentric lens used in this study results in a 0.733 pm goipbint resolution in the
object plane within the 400 prthick liquid sample cell. This lens is positioned to view the
mapped isodynamic zone between two Fraype polepieceé-rantz SG 1936 as described for

earlier nstrumentation for magnetic particle velocimd@halmers JJ 199Zborowski M 1999.
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A Linux system computer with 6ot war e ('Hol K&Owd sfo@yt ot est o, | KOT
capable of capturing and analyzing the video images for particle characteristics and trajectory.
Every frame is permanently recorded and available to the operator as well as for repeated image
analysis(replay of experiment). After the operator has set intensity and size thresholds and

li mits, the image dat'¥0)arteh astenctant og esnoefrtanaer eu p(
of particles including magnetophoretic mobility, size, sedimentatits) shape and intensity. A
particle Adiametero is provided in the displ
camera resolution and the lens magnification. This method systematically overestimates particle
diameter because it is based on ikdeeld image. Correct diameter displays must be based on a
calibration factor for this variable, the determination of which is a component of the present

study.
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Figure 3.1- HyperfluxTM Velocimeter instrument layout, image data analysis
processingand mobility distribution display. (A) Velocimeter Layout. Three
major parts are included: microscope and camera system, stopiped channel
cell positioned in the isodynamic magnetic field, image analysis software. (B)
Working window of CytotestTM Imge Analysis Software Display: The trajectory
of each particle can be observed, and artefacts can be excluded (blue disks).
Threshold and size gates are set before automatic track calculation. Size
distribution and statistical summary are listed on théght. (C) Graphical Display:
Magnetophoretic mobility histogram of mediurmobility calibration beads.

3.3.3 Procedure
A Z3596291EA BrightLine™ Hemacytometer is used for particle counting. The

particle concentration was obtained by counting in farge squares, which typically provided
10% precision. Hemacytometer counts were used to adjust particle concentrations to
approximately 5 x 1 mL for vel oci metry and as fground

particle concentrations displayed by thedocimeter software.
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3.4Results and Discussion

3.4.1 Magnetophoretic Mobility Measurements
The velocimeter was tested by using standard medium mobility calibration beads (Table

3.1) to evaluate its capability of measuringgmetophoretic mobility and other characteristics.

At an intensity threshold setting of 35 (arbitrary units between 0 and 255, see below), the particle
trajectories (blue dashed lines shown in Fig@d(B)) are displayed, andnteractive
distributions for setting thresholds are displayed on the-hght side of the working window.
Figure3.1(C)illustrates a magnetophoretic mobility histogram displayed on a log scale by the
ACyt ot e s tofiwara paakhge.s The dissribution in Fig®.@(A) for these beads is based

on >2200 tracks detected in a suspension of particles at Zml1and is displayed on a linear
scale of mobility in Figur&.2(A). The averaged mobility of the tracked patrticles is 6.8695
x0”m¥ TAAAs, near the calibrati ol vaplicatetessr ovi d
were made to measure the medium mobility calibnabeads to prove the repeatability of the
instrument. The three mobility distributions are shown in FiguB¢A) and indicate+ 0.6%
repeatability and a consistent coefficient of variation, CV = 28%, for this sample. Time mea
mobility is within 3.5% of the catalogue value (TaBld). The distribution and average result

are essentially the same which suggests the stability of Hyperflux Velocimeter measurements.
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Figure 3.2 - Mobility Distribution Results displayed on a linear scale. (A)
Mobility distribution for Standard Medium Mobility Calibration Beads, results of
triplicate tests: average mobilities of tests 1, 2 and 3 are 6.87+1.85, 6.80+1.89,
6.89+2.05. (B) Magnetophoretic Mobility Distribtions of B Magnetic Particles.
(C) Magnetophoretic Mobility Distributions of P Magnetic Particles. (D)
Magnetophoretic Mobility distributions of L Samples.
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Table 3.1 Summary characteristics of beads used for calibrations and supplied by vendor,
IKOTECH , LLC.

Hyperflux Bead Name Part No. Diameter Mobility Manufacturer Traceability
Large Calibration Beads 220006 4.99+0.04 0.00 Duke Standards NIST
Medium Size Calibration Beads 220007 2.00+0.02 0.00 Duke Standards NIST
Medium  Mobility  Calibration 220002 1.0 6.61+ 2.58 Dynal IKOTECH
Beads
Units m 102

m/TAs

3.4.2 Characterization of Paramagnetic Particles
De-identified commercial magnetic particles were tested. One magnetophoretic mobility

distribution is shown for each (at least threpetitions of each distribution were determined).

B1, B2, and B3 are nespherical particles. They are irreguldraped clusters of iron oxide with

a broad size distribution. Three varieties, B1, B2 and B3, contain high percentages of iron oxide
which could result in a fast magnetic separation of cells labeled with these patrticles, and a
coating which provides surface primary carboxyl groups for the attachment of proteins or
antibodies and/or for colloid stability. Their magnetophoretic mobility 8istions are shown in
Figure3.2(B). The average magnetophoretic mobilities of B1, B2 and B3 are 4.04, 13.5 and
8.31x0%m¥ TAAAs, respectively: av efieldipagesdre498et er s
7.5 and 6 pm resgctively 7 larger than actual size due to ddiedd optics. Diameter

measurement in dark field is considered further, below.

Superparamagnetic particleg, P2 and P8re highly uniform polymebased magnetite
spheres in diameters of 1 pm and 3 pn. Hig3.2(C)shows the distribution of the three types
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with average magnetophoretic mobilitiesRif, P2 and P3 being 5.65, 25.96 and 26184
m¥ TAAAs, r e sPgandP3itypes pogsess mici tegher mobility thamttiit due to
the particle size. The calculated particle diameters of the three P samples were 5.2, 8.31 and 11.3

pm, respectively. The P2 has a smaller average size than that of P3 but similar mobility.

L1, L 2 and L3 are all superparamagnetic micralseaith a microcrystalline ferric oxide
component uniformly dispersed throughout the bead. The mobility distributions of the three
particles are shown in Figu83(D). With similar reported particle size, the commercial pobd
L1 has higher peak mobility 22.75x6m¥ TAAAs and a narrow distrib
samples show two peak mobilities around 18.87 and 29.96°x8i T AAAs . I n this
velocimeter shows that the three particle distributions are neathe, whereas measurements
by SQUID, VSM or giant magnetoresistance resonance would be expected to indicate similar

results.

The particle magnetophoretic mobilities and distributions reported here were measured at
a fixed single value of magnetic inductjds, = 0.56 Tesla (equation (2)). The magnetization
curves of specific commercial beads having the same composition as the commercial standard
used in this study have been determifednnum G 2005 andB, > 0.10 mT is within the
region of saturation magnetizati@du J 2013. Thus,G, , the slope of the magnetization curve, is
not constant but diminishes with increasing applied magnetic induBfjamtil the particle
magnetizatiorbecomes constant meaning no further increases. iMagnetic velocimetry is a
robust measurement of particle quality; however, different laboratories using different values of
applied magnetic induction could find different mobilities for the same femticMeanwhile,
vendorsupplied calibration beads may be used as a basis for measuring the mobility distribution

of labeled cell populations and other veloddgrived properties.
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The magnetophoretic mobility of microparticles generally increases waifticle
diameter, as expected. The commercial products tested have coefficients of variation ranging
from 20% to 75% of mean mobility, consistent with other published vé}ies 2012. These
results suggest that commercial products should be evaluated for magnetic uniformity by
manufacturers, and reporting magnetophoretic mobilipushbe treated with similar status to

reporting uniform particle diameter.

3.4.3 Particle counting
A comparison was made between the Hyperflux Velocimeter and a hemacytometer by

counting particles of standard calibration beads (T&bB to test the capability of the
velocimeter in measuring the particle concentration. In velocimeter operations the operator
selects an intensity threshold for identifying particles using a scale€26% @nd feedback from

the interactive imag display on which the selected particles are highlighted in color. An
acceptable size range for counting is selected in the same manner. (An option exists to set
default values when several similar samples are being tested.) 3rablenmarizes the results

of an example of such a comparison, in which the effects of the -abewegoned threshold
settings are explored. Two sets of settings were used for each particle type, as shown in the table.
The data in the table werdtained from a single image file in each of the three cases. The
operator fPpstagbleveoyinseored experravmeagdfileby ope
to make a new set of counts, sizes, tracks, and other parameters. When the higher intensity
threshold was used in each case the Hyperflux count agreed with the hemacytometer count
within counting precision. A lower threshold setting led to overestimations of particle
concentration. This finding is consistent with the science of-figlk illumination, in which
low-intensity light scattered at the detection angle can arise from objects other than the target

objects (see below). In this instrument these are apparent below intensity threshold setting = 35.
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Based on the first entry in TabBe2, if one particle is detected in the Hyperflux image field the
concentration of particles in the sample syringe is 3.23¢drticles/ml. If N particles are

detected, then the concentration should be Nx2.23 gloL.

Table 3.21 Particle Concentration Measurement by Hyperflux Imaging Compared to
Hemacytometer Counts

Standard Hyperflux Velocimeter Hemacytometer
Sample Intensity Threshold SizeRange* Count (p/mL) (p/mL)
Medium 20 2-186 5.77 XLO° 3.72 X1
mobility 25 13152 3.21 40

Large 20 2-304 2.65 X1.0° 1.3 X0°
size 55 0-311 1.22 X10°

Medium 22 2-304 9.77 XLO° 12.7 X0°
size 63 6-112 11.6 XLO°

*Numerical values are velocimeter settings displayed irf (ranslated algorithmically from

pixel counts)

A statistical analysis further demonstrates the agreement of particle count results. Using
the samples {, L, and Lg three differentconcentrations were chosen for each comparison
between velocimeter statistics and hemacytometer counts. Threshold setting was held at 35 and
all size gatingwas 1 phand 1521 pii n t he fACyt otest o selection
in Table 3.3 where fADIFFO column is a tabulation o
p/mL) to see if the difference between manual counts and Hyperflux counts differed by more
than one standard devi at i onin theflasttchluenn meamahcsy t o0 me
difference was less than the standard deviation of the hemacytometer count. The result reveals
that the two methods of particle counting do not result in significant differences in each case, and

instrument data can be useddetermine absolute particle (or cell) concentration.
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Table 3.31 Statistical Analysis of the Agreement between Hyperflux Velocimeter and
Hemacytometer Particle Counts

Hyperflux Velocimeter Hemacytometer

C1(x10° p/ml) SD; T1 Cx(x10°p/ml) SD, T, DIFF(C,-C,) DI FF(

D2
L, 2.54 0.09 786 2.68 0.23 134 0.14 Y
1.06 0.06 328 1.14 0.15 57 0.08 Y
0.51 0.04 158 0.48 0.1 24 -0.03 Y
L1 1.76 0.08 545 1.82 0.19 91 0.06 Y
0.97 0.06 300 1.12 0.15 56 0.15 Y
0.49 0.04 152 0.44 0.09 22 -0.05 Y
Ls 2.79 0.09 864 2.88 0.24 144 0.09 Y
0.93 0.05 288 1.02 0.14 51 0.09 Y
0.51 0.04 158 0.52 0.1 26 0.01 Y

Note: G and G are concentrations determined from velocimeter and hemacytometer counts,

respectively. T and T, are particlenumber total counts by velocimetand hemacytometer,

respectively. SD of concentrati@calculated by equation SD=concentration )

3.4.4 Threshold Settings
The science of the method is dependent on the detection of objects of intetast in

field illumination. Therefore the velocimeter allows the operator to select particles to be
analyzed by setting an intensity threshold and upper and lower size limits interactively with the
image display. This is useful for heterogeneous and debnisining specimens. An image
intensity threshold must be established before tracking particles, as just discussed. Multiple
trials with a single data set are possible, because all original image frames are permanently stored,
and they are not modifieloy any settings related to data analysis. All images are available for

Arepl ayo. To identify each particle, the sof
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white image. Each pixel in a gray scale image represents an intensity valuetér@%50 with 0

being a black pixel and 255 being white. All pixels with intensity below the threshold setting
will be displayed as white, whereas above the setting value all pixels are displayed as black.
Threshold points from 0 to 255 are selectable glmwlild be chosen carefully; if the value is too

low, neighboring particles will combine into single points which will result in a high number of
tracking errors; if threshold value is set too high, the particle concentration will drop below the
actual valie. A study was done to reveal the influence of threshold setting on particle counting,
size and magnetophoretic mobility measurement. The tested samples were the three types of

calibration beads (Tab&1). Threshold settigs in the value range from 15 to 100 were studied.

Figure 3.3(A) indicates that the particle count is almost the same when the intensity
threshold setting is between 30 and 70. When this is below 30 (especially belowe 2@jticle

count decreases sharply to the true value as threshold increases.

Figure 3.3(B) demonstrates that a threshold setting below 30 impacts the diameter
reading, particularly for larger size particles. Also at setdtisgove 30, the diameter decreases
for all particle sizes and is always larger than the true value owing to the fact thatfeeldark
image is being analyzed (see below). When the intensity threshold setting is low (below about
35) numerous small partecldots appear on the fringe of particles, and higher particle numbers
will be calculated while bringing down the level of average diameter. From observation of Fig
3.3(A)(B) we learn that at intensity threshold settings atalweut 35 the diameter displayed is a
monotonic function of actual particle size, and the particle count is constant and in agreement
with the true value. In studies of magnetic and other synthetic particles it is therefore generally

advised to analyze tlausing intensity threshold settings around 35 or slightly greater.
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Figure 3.3(C) indicates that intensity threshold setting has little influence on mobility
distribution (except threshold 15, not shown) but only affectpé#mgcle fraction tracked. The
reason is simple: mobility is calculated by the trajectory (terminal velocity) of the particle which
is measured independently of particle size. Therefore magnetophoretic mobility is a robust
measurement. In summary, ingty threshold settings have significant influence on displayed
size distribution, negligible effect on particle count when set >30, and only slightly impacts
mobility distribution. As a result, threshold settings should be chosen carefully and, isdhe ca
synthetic particles should always be 35 or above. Further study is needed to determine optimal

settings for labeled living biological cells.
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Figure 3.3 - Influence of Threshold Setting Value on Analysis Results. (A)
Particle Count versus intensy threshold. (B) Diameter versus intensity threshold.
(C) Magnetophoretic Mobility Distributions of L1, L2 and L3 beads with different
intensity threshold values 25, 30, 40, 60 and 90, respectively.
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